The main objective of this work was to investigate the filterability of MBR sludge and its mixture with conventional activated sludge (CAS). In addition, the impacts of type and dose of various polyelectrolytes, filter type and sludge properties on the filterability of both MBR and Mixed sludges were determined. Specific cake resistance (SCR) measured by the Buchner funnel filtration test apparatus and the solids content of the resulting sludge cake were used to assess the dewaterability of tested sludges. The type of filter paper used in Buchner tests affected the results of filterability for MBR, CAS and Mixed sludges. SCR values and optimum polyelectrolyte doses increased with increasing MLSS concentrations in the MBR, which suggested that increase in MLSS concentrations accompanied by increases in EPS and SMP concentrations and a shift toward smaller particles caused poorer dewaterability of the MBR sludge. The significant differences observed among the filterability of CAS and MBR sludges suggested that MLSS alone is not a good predictor of sludge dewaterability. Combining CAS and MBR sludges at different proportions generally improved their dewaterability. Combining MBR sludges having typically high MLSS and EPS concentrations with CAS having much lower MLSS concentrations may be an option for full-scale treatment plants experiencing sludge dewaterability problems. Better filterability and higher cake dry solids were achieved with cationic polyelectrolytes compared to anionic and non-ionic ones for all sludge types tested.
INTRODUCTION
The application of membrane bioreactors (MBR) in wastewater treatment is now emerging as an attractive technology with considerable advantages over conventional doi: 10.2166/wst.2010.869 treatment methods, such as excellent and stable effluent quality, compact equipment, high volumetric loading, absence of secondary clarifiers, and less surplus sludge production (Stephenson et al. 2000; Li & Chu 2003) .
However, filterability and dewaterability of sludges from MBR processes may be of concern in some full-scale treatment plants mainly due to elevated mixed liquor suspended solids (MLSS) concentrations, thus potentially higher levels of extracellular polymeric substances (EPS) and soluble microbial products (SMP). Various studies indicated that the characteristics of the mixed liquor affect membrane filterability, such as viscosity (Itonaga et al. 2004) , EPS (Mikkelsen 2001) , floc size (Bai & Leow 2002) , colloidal and soluble organic substances (Rosenberger & Kraume 2002; Lee et al. 2003; Evenblij & Van der Graaf 2004) . EPS and SMP have been identified as major foulants by many researchers (Defrance et al. 2000; Bouhabila et al. 2001; Le-Clech et al. 2003 Meng et al. 2009 ). The removal of soluble foulants such as SMP in the activated sludge is very important since they may potentially cause internal fouling of membranes, and thus decreased membrane filterability (Lee et al. 2007; Koseoglu et al. 2008) . Limited information is available on the dewaterability of MBR sludges resulting in more research need on this subject. Sludge dewaterability is generally quantified by some parameters including capillary suction time (CST) and specific cake resistance (SCR) which are determined through bench-scale tests. Since no pressure is applied during the measurement of CST, it may not simulate the actual treatment process in some applications. For example, Wu et al. (1997) reported that CST measurements lead to excess use of conditioners for sludges. SCR measurements, on the other hand, are carried out by Buchner funnel filtration test apparatus at constant vacuum pressure.
The volume of filtrate collected is recorded as a function of time and the slope of the straight line resulting from the plot of t/V versus V is related to the average SCR which is a measure of sludge dewaterability.
To date many studies have been conducted to explore the effect of operational conditions and sludge properties on the filterability of biological sludges. Several sludge characteristics are known to have an influence on dewaterability including MLSS concentration, fine fractions in the sludge, particle charge, type and concentrations of EPS, pH, organic content, floc density and size, mechanical strength of the particles, and cellulose content. Apart from sludge characteristics, type, dose and characteristics (i.e., molecular weight, chemical structure, charge density and cationicity) of polyelectrolytes also affect the dewatering performance. It is a well known feature of polyelectrolyte conditioning that optimum application dose exists for a given sludge and polyelectrolyte type. Moreover, not all polyelectrolytes will yield the same dewatering performance for a given type of sludge, even at their optimum dose.
The known mechanisms involved in sludge conditioning by polyelectrolytes are surface charge neutralization, electrostatic patching and bridging (Saveyn et al. 2005) . It should also be noted that variations in the influent wastewater composition and concentration or variations in the operational parameters (i.e., food/microorganisms ratio, MLSS and dissolved oxygen concentrations) may also affect the composition of the sludge, which further affects its dewaterability.
The main objective of this work was to investigate the filterability of MBR sludge and its mixture with conventional activated sludge (CAS). In addition, the impacts of type and dose of various polyelectrolytes, filter type in SCR measurements and sludge properties on the filterability of both MBR and mixed sludges were determined. Sludge properties quantified were MLSS and MLVSS (mixed liquor volatile suspended solids) concentrations, particle size distribution and mean particle size, and concentrations of protein and carbohydrate fractions of both EPS and SMP.
MATERIALS AND METHODS
The MBR sludges at various MLSS concentrations were obtained from a pilot-scale immersed MBR unit (ZW-10, Zenon, GE Water & Process Technologies) containing an hollow fiber membrane module (0.9 m 2 active membrane area, 0.04 mm nominal pore size). The aerobic unit was continuously operated for nine months to achieve carbon removal and nitrification The MBR (HDPE tank with 230-L solution volume) was fed with screened (1-mm) raw domestic wastewater withdrawn from the sewage system in the university campus. The reactor was operated at infinite sludge retention time (SRT) conditions (i.e., no sludge wastage) to achieve high level of MLSS concentrations. The sludge samples were taken from the reactor after the steady-state conditions were encountered. For this purpose, the MBR was operated for 15 days at the same MLSS concentration and the sampling procedure was performed after this time of period. Furthermore, the steady-state conditions were confirmed according to effluent COD and NH 3 -N concentrations of which mean values were measured as 9 and 1 mg/L, respectively. Table 1 summarizes the MBR operating conditions. CAS samples were taken from the municipal wastewater treatment SCR measured by the Buchner funnel filtration test apparatus and the solids content of the resulting sludge cake were used to assess the dewaterability of tested sludges.
Three different types of filter papers, Whatman #40, #41 and #42 with nominal pore sizes of 8, 20-25 and 2.5 mm, respectively, were used to assess the effect of filter medium on the overall performance of filtration during SCR tests.
In order to investigate the effect of polyelectrolytes on the filterability of sludge samples, four different commercial polyelectrolytes were used: Zetag 7635 (ZT) (cationic) (CIBA, Chemicals), Flopam 5880 S (FL) (cationic) (SNF FLOERGER), 1858 U (AN) (anionic) (SNF FLOERGER), and 1830 S (NI) (non-ionic) (SNF FLOERGER). All tested polyelectrolytes were received in white powder form.
Aqueous polyelectrolyte stock solutions were prepared in distilled and deionized water at 1 g/L concentration by gently mixing about 2 h at temperature of 18^28C. Stock solutions were prepared at least several hours prior to application in order to allow the polyelectrolyte chains to completely unfold for optimized contact efficiency.
The applied polyelectrolyte dosage ranged from 2 to 14 mg polyelectrolyte per g sludge dry matter, a typical range for activated sludges as reported in the literature (Tchobanoglous et al. 2003) . After polyelectrolyte dosage, a jar tester (Aqualytic) was used for conditioning of 300 mL sludge sample, which included mixing at 50 rpm for 2 min to promote floc growth at temperature of 18^28C. After mixing, 100 mL of conditioned sludge was dewatered by Buchner filtration test apparatus with a funnel of 4 cm in diameter. The applied vacuum was kept Table 3 .
Effect of filter paper type
The effect of filter paper on the dewaterability of the MBR sludge in Buchner filtration tests was tested for three different filters: Whatman #40, #41 and #42 with nominal pore sizes of 8, 20-25 and 2.5 mm, respectively. As shown in On the other hand, as would be expected, the use of Whatman #42 with the smallest pore size generally resulted in largest SCR values. Such differences were statistically significant based on the 90% confidence intervals. Similar
trends were observed for all tested polyelectrolytes and sludge types. However, it should be underlined that the difference between largest and lowest SCR values was minimal. Since the mean particle size of the sludge and pore size of the filter paper (Whatman #41) were close, it is thought that pore blocking mechanism for the filter paper with largest pore size is the main reason for this result. This mechanism was also mentioned by Moghaddam Total EPS concentrations were generally one order of magnitude higher than those of SMP. The ratio of MLVSS/ MLSS slightly decreased with increasing MLSS concentrations. However, such reduction in this ratio was minimal, i.e., from 0.91 to 0.87, indicating that majority of the particulate materials were of organic nature for a wide range of MLSS concentrations. The range of mean particle size for all MLSS levels was 26.6-37.8 mm. Mean particle size was found to decrease with increasing MLSS levels.
Furthermore, the particle size distribution data showed a shift toward smaller particles as the MLSS levels were increased ( Figure 2) .
The filtration tests conducted at various MLSS concentrations of the raw MBR sludge indicated that as the MLSS concentrations were increased from 3,500 to 12,600 mg/L, SCR values increased about one order of magnitude (Table 4) . Generally, lower SCR values were found for lower MLSS concentrations both for the raw and conditioned sludges by cationic polyelectrolytes (Table 3 ).
These results indicated that the increase in MLSS levels accompanied by increases in EPS and SMP concentrations and a shift toward smaller particles caused poorer dewaterability of the MBR sludge. The sludge particle size distribution is one of the key factors in controlling sludge dewaterability. Karr & Keinath (1978) have fractionated the biological sludge samples based on a solids classification system. They found that the particles in the range of 1 -100 mm mostly influenced the dewaterability. Furthermore, they indicated that as the proportion of this particle range in sludge increased, dewaterability of sludge decreased. These results are consistent with our work since while about 80% of the particles were smaller than 100 mm (mean particle size: 37.8 mm) at MLSS concentration of 3,500 mg/L, all particles were smaller than 100 mm at MLSS concentrations of 7,600 and 12,600 mg/ L, further indicating that particles less than 100 mm negatively impact dewaterability. The size of the particles relative to the pore size of the filter (8 mm in our work) is apparently an important factor on SCR values. As the size of the particles approach the pore size of the filter the resistance on filterability appears to increase, mainly due to internal clogging of the filter pores. report that due to formation of a dynamic cake layer on membrane surfaces, higher MLSS concentrations increase water filterability, while other studies suggest a negative impact of MLSS due to higher sludge viscosities (Rosenberger & Kraume 2002) . EPS forms a highly hydrated biofilm matrix, in which the microorganisms are embedded (Rosenberger & Kraume 2002; Le Clech et al. 2006) .
Le
The amount of EPS is known to influence water filterability and sludge dewaterability. Mikkelsen & Keiding (2002) indicated that the fraction of EPS in sludges was the most important parameter with respect to sludge structure. However, increasing cationic polyelectrolyte dosage to about 12 mg/g DS gradually improved the filterability of CAS samples in all tested groups. While the SCR range determined for unconditioned CAS samples were 5.31 £ 10 16 -2.28 £ 10 17 m/kg, such range was much lower (1.97 £ 10 15 -1.03 £ 10 16 ) for MBR sludges (Table 3) . On the other hand, Cicek et al. (1999) reported that the specific resistance of the MBR sludge was three orders of magnitude higher than the CAS. Sun et al. (2006) also reported that the filtration resistance in MBR sludge was two to approximately three times of that in CAS. The poor dewaterability characteristics of the CAS samples found in this work may be due to the filamentous bacteria growth and hydraulic over loading conditions experienced during the sampling period at the wastewater treatment plant. As mentioned previously, these results further support the fact that sludge dewaterability is also dependent on the operational conditions at the treatment plants.
In addition, the results obtained for CAS and MBR sludges overall suggest that MLSS alone is not a good predictor of sludge filterability.
As a general trend, combining CAS and MBR sludges at both of the proportions improved dewaterability of the CAS samples tested in this study ( sludge dewaterability is a complex phenomenon depending on many factors, such finding should be tested and evaluated on a specific plant basis by incorporating cost -benefit analysis.
Effect of polyelectrolyte type
Sludge particles are commonly accepted as negatively charged and since surface charge neutralization is among the mechanisms involved in sludge dewatering, it is expected to have better filterability results with cationic polyelectrolytes compared to anionic and non-ionic ones.
It was found in our previous work (Koseoglu et al. 2008) that the addition of cationic polymers to sludge samples increases the floc sizes through charge neutralization mechanism, which further enhances the entrapment of (Table 3) . Besides smaller SCR values, addition of cationic polyelectrolytes also resulted in higher cake DS contents. FL cationic polyelectrolyte was found to provide statistically better dewaterability performance than ZT polyelectrolyte in Group B and C MBR sludges.
The increase of SCR with increasing doses of AN polyelectrolyte (after an initial reduction in SCR) clearly indicates that at elevated anionic polyelectrolyte doses the particle surfaces become more negatively charged, which leads to more electrostatic repulsion among particles, thus to higher filtration resistance. Although the non-ionic polyelectrolyte somewhat reduced SCR values with increasing doses compared to unconditioned MBR or other sludges, such reductions were small and generally less than one order of magnitude.
CONCLUSIONS
The type of filter paper was found to strongly affect the results obtained from bench-scale sludge filterability tests, which indicates a necessity of standardizing filter papers in such tests for direct comparison of results among various studies. Such impact of filter paper on dewaterability was observed for all sludge types tested (MBR, CAS and Mixed).
Both total EPS and SMP concentrations were found to increase with increasing MLSS concentrations in the MBR. On the other hand, mean particle size decreased with increasing MLSS in the MBR sludge and the particle size distribution shifted toward smaller particles. SCR values and optimum polyelectrolyte doses increased with increasing MLSS concentrations in the MBR, which suggested that increase in MLSS accompanied by increases in EPS and SMP concentrations and a shift toward smaller particles caused poorer dewaterability of the MBR sludge.
As the size of the particles in the sludge approached the pore size of the filter paper, the resistance on filterability increased, mainly due to internal clogging of the filter pores. 
